ABSTRACT Aims/Introduction: To measure the elasticity of the tibial nerve using sonoelastography, and to associate it with diabetic neuropathy severity, the cross-sectional area of the tibial nerve and neurophysiological findings in type 2 diabetic patients. Materials and Methods: The elasticity of the tibial nerve was measured as the tibial nerve:acoustic coupler strain ratio using high-resolution ultrasonography in 198 type 2 diabetic patients stratified into subgroups by neuropathy severity, and 29 control participants whose age and sex did not differ from the diabetic subgroups. Results: The elasticity of the tibial nerve in patients without neuropathy (P < 0.001) was reduced compared with controls (0.76 -0.023), further decreasing (0.655 -0.014 to 0.414 -0.018) after developing neuropathy. The cut-off value of elasticity of the tibial nerve that suggested the presence of neuropathy was 0.558. The area under the curve (0.829) was greater than that for the cross-sectional area (0.612). The cross-sectional area of the tibial nerve in diabetic patients without neuropathy (6.11 -0.13 mm 2 ) was larger than that in controls (4.84 -0.16 mm 2 ), and increased relative to neuropathy severity (P < 0.0001). The elasticity of the tibial nerve was negatively associated with neuropathy severity (P < 0.0001), cross-sectional area (P = 0.002) and 2000 Hz current perception threshold (P = 0.011), and positively associated with nerve conduction velocities (P < 0.0001). Conclusions: Determining the elasticity of the tibial nerve in type 2 diabetic patients could reveal early biomechanical changes that were likely caused by thickened fibrous sheaths of peripheral nerves, and might be a novel tool for characterizing diabetic neuropathy.
INTRODUCTION
Diabetic neuropathy is primarily diagnosed using characteristic signs and symptoms, and is confirmed by neurophysiological tests, such as nerve conduction studies 1, 2 . Because the nerve biopsy required for the histological diagnosis of diabetic neuropathy in the peripheral nerves is invasive 3 , it is not routinely carried out. The development of high-resolution ultrasonography and a high-frequency linear probe has enabled the evaluation of the fine structure of the peripheral nerves. An enlarged cross-sectional area (CSA), hypoechoic area and nerve fascicles of the peripheral nerves have been observed in type 2 diabetic patients with neuropathy [4] [5] [6] . The biomechanical changes in peripheral nerves have been assessed in few diabetic animal models. The sciatic nerves of diabetic rats were stiffer than those of control rats, and showed reduced blood perfusion of nerves with milder compression sonoelastography as the strain ratio for the soft tissue of interest to the standard material attached to an acoustic coupler (AC) 8, 9 . In a study using the AC:median nerve strain ratio, the median nerves of patients with carpal tunnel syndrome were stiffer than those of control subjects 10 . However, there have been no studies assessing changes in the elasticity of the peripheral nerves in diabetic patients with or without diabetic neuropathy.
The aim of the present study was to determine the elasticity of the tibial nerve using sonoelastography in patients with type 2 diabetes, and examine the independent relationship between the severity of diabetic neuropathy and the elasticity or CSA of the tibial nerve.
MATERIALS AND METHODS

Participants
A total of 198 Japanese patients with type 2 diabetes and 29 non-diabetic control individuals (glycated hemoglobin [HbA1c] <5.7% and fasting plasma glucose <5.5 mmol/L or casual postprandial plasma glucose <7.7 mmol/L) were enrolled from April 2013 to November 2014 at the Ishibashi Clinic, Hiroshima, Japan. The age and sex of the control subjects did not differ from those of the diabetic subgroups stratified by the severity of diabetic neuropathy. Participants were excluded if their alcohol consumption was >20 g/day, they had been diagnosed with neuropathy due to another cause, or their symptoms occurred as a result of carpal or tarsal tunnel syndrome. Written informed consent was obtained from all participants. The ethics committee of the Ishibashi Clinic approved the protocol of this study.
Assessment of diabetic neuropathy
Diabetic neuropathy was diagnosed in patients with type 2 diabetes, as recommended in the simplified diagnostic criteria proposed by the Diabetic Neuropathy Study Group in Japan 11 , based on the presence of two of the following three factors: (i) subjective symptoms in the bilateral lower limbs or feet; (ii) absent or reduced ankle jerk; and (iii) decreased vibration perception, assessed using a C128 tuning fork and measured bilaterally at the medial malleoli. Patients with diabetes were classified into one of five groups according to the stages of diabetic neuropathy defined in the Diabetic Neuropathy Study Group in Japan criteria 11 . Stage I represents the absence of neuropathy and includes patients who do not meet the diagnostic criteria for diabetic neuropathy. Stage II represents asymptomatic diabetic neuropathy, in which patients are asymptomatic but meet the diagnostic criteria for diabetic neuropathy. At stage III, subjective symptoms are positive, but either the ankle jerk reflex or vibration sensation is within the normal range. At stage IV, patients show clinical manifestations of autonomic neuropathy, such as orthostatic hypotension. Motor neuropathy appears at stage V. The latter two stages contained small numbers of patients; we therefore grouped stages IV and V together (IV+V).
Determination of the elasticity and CSA of the tibial nerve Ultrasonographic examinations of the tibial nerve were carried out using high-resolution ultrasonography equipped with an 18.0-MHz linear array probe (HIVISION Ascendus; Hitachi Medical, Tokyo, Japan). The participants sat on a table with knees and ankles maintained at 90 degrees of flexion, and both feet placed on a low height-adjustable stool to ensure that the tibial nerve was relaxed. Ultrasonographic transverse scans were obtained 3-cm proximal to the cephalad border of the medial malleolus 4 . To determine the elasticity of the tibial nerve, an AC (EZU-TECPL1; Hitachi-Aloka, Tokyo, Japan) with a standardized elasticity was attached to the transducer as a reference medium. Sonoelastographic images were obtained by repeated manual compressions with the probe perpendicular to the tibial nerve. The strength and frequency of compression and decompression were adjusted to appropriate ranges according to the strain indicator (Figure 1a ,b; lower left) on the monitor. The elastogram appeared within a rectangular region of interest as translucent color-coded, real-time images superimposed on the B-mode image. The color-code (Figure 1a ,b; upper left) represented the relative stiffness levels of the various tissues within the region of interest. Red indicated soft, blue indicated hard, and green and yellow indicated medium elasticity. The strain indicator on the monitor specified whether the displacement was sufficient to obtain local strains within the region of interest. The elastograms were constructed automatically. The images were stored as cine loops in the memory of the sonographic machine. Representative sonoelastographic images, produced by appropriate compression, were chosen. The apparatus calculated the strain ratio between the tibial nerve and the AC. The measurements were repeated three times, and the averaged strain ratio was obtained.
The CSA of the tibial nerve was evaluated by tracing the inner border of the thin hyperechoic epineurial rim. The pixel numbers were counted using Photoshop Elements 8.0 (Adobe Systems Inc., San Jose, CA, USA).
Assessment of nerve function
Motor (MCV) and sensory (SCV) nerve conduction velocities and action potential amplitudes in the forearm segment were determined by conventional procedures using an electromyography instrument (Neuropak S1; NIHON KOHDEN, Tokyo, Japan). A motor nerve study was carried out on the median nerve, and a sensory nerve study was carried out on the ulnar nerve. The current perception threshold (CPT) was measured using a neurometer (Neurotron, Baltimore, MD, USA) as reported previously 12 . The electrodes were aligned along the axis of the great toe on the medial side, and positioned at the plantar aspect of the great toe. The lowest stimulus perceivable by the participant was defined as the CPT for the relevant frequency (2,000, 250 and 5 Hz) in each individual. The vibration perception threshold was measured at the left medial malleolus using a biothesiometer (Biomedical Instruments, Newbury, OH, USA). Eight readings were obtained and averaged.
To assess the cardiovagal function of the autonomic nervous system, the coefficient of variation (CV) of R-R intervals (CV R-R ) was calculated from the R-R intervals for 200 samples on an electrocardiogram using the following formula: CV R-R (%) = SD/mean R-R intervals 9 100.
Laboratory data
HbA1c levels were converted to National Glycohemoglobin Standardization Program units by adding 0.4% to the measured values 13 . Serum creatinine levels, lipid levels and the urinary albumin creatinine ratio were also determined.
Statistical analyses
All statistical analyses were carried out using the SPSS medical package (SPSS, Chicago, IL, USA) except for the receiver operating characteristic (ROC) curve analysis. Data are presented as the mean -standard error of the mean. An analysis of variance (ANOVA) was used to compare the control participants and . The differences in age and sex ratio between diabetic subgroups and control participants were examined by ANOVA and v 2 -tests with Bonferroni corrections, respectively. Multivariate regression analysis was used to determine the relationship between either of the elasticity or CSA of the tibial nerve, and stages of diabetic neuropathy, clinical factors and neurophysiological tests. The independence of the relationship between two factors out of the severity of neuropathy, the elasticity and CSA of the tibial nerve was assessed by the partial correlation analysis excluding the influence of a third confounding variable. The ROC curve analysis using Ekuserutohkei 2015 (add-in software for Excel 2010; Social Survey Research Information Co. Ltd., Tokyo, Japan) established a cut-off level for the elasticity and CSA of the tibial nerve to be suggestive of the presence of diabetic neuropathy. The sensitivity and specificity were equally weighted. The area under the curve (AUC) of the elasticity and CSA of the tibial nerve was compared by v 2 -test. A P-value of < 0.05 was considered significant. Table 1 shows the clinical and demographic data of the control participants and subgroups of type 2 diabetic patients stratified by the severity of diabetic neuropathy. The sex ratio and age of control participants did not differ from those of the diabetic subgroups. The body mass index in patients at stage II neuropathy was higher than that in control participants. The systolic blood pressure in patients at stage IV+V neuropathy was higher than that in control participants and patients at stage I neuropathy. Angiotensin receptor blockers or angiotensin-converting enzyme inhibitors were prescribed more frequently for diabetic patients at stage I-III neuropathy than for the control participants, whereas the prescription rates did not differ between diabetic subgroups. The HbA1c levels in the control participants were lower than those in the diabetic subgroups and higher in patients at stage IV+V neuropathy than those at stage I neuropathy. Statins were prescribed more frequently for patients at stage II neuropathy than control participants. The high-density lipoprotein cholesterol level in the control participants was higher than that in patients at stage II neuropathy. Figure 1 shows the representative sonoelastography of the tibial nerve in a control participant ( Figure 1a ) and a patient with type 2 diabetes at stage III neuropathy (Figure 1b) . The ratios of strain (elasticity) produced by repeated compression and decompression of the tibial nerve (0.56%, 0.27%) to that of the AC (0.66%, 0.78%) were 0.85 and 0.35 in a control participant and a diabetic patient, respectively. The CSA of the tibial nerve in a diabetic patient (8.2 mm 2 ) was larger than that in a control participant (5.6 mm 2 ). The average CV for the elasticity of the tibial nerve, determined on three occasions in 20 control participants, was 12.7 -1.0%.
RESULTS
The elasticity of the tibial nerve in patients without neuropathy was reduced compared with control participants, and ACEI, angiotensin-converting enzyme inhibitor; ACR, urinary albumin:creatinine ratio; ARB, angiotensin receptor blocker; BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate, HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure. Data are the means -standard error of the mean in control participants and subgroups of type 2 diabetes stratified by the stages of diabetic neuropathy according to the criteria of the Diabetic Neuropathy Study Group in Japan 11 . *P < 0.05, **P < 0.01, ***P < 0.001 compared with control participants, decreased further after developing the neuropathy. The CSA of the tibial nerve in patients without diabetic neuropathy was larger than that in control participants, and became larger in proportion to the severity of neuropathy (Table 2) . When neurological functions between the controls and diabetic patients with stratified neuropathy were compared (Table 2) , the results in diabetic patients without neuropathy did not significantly differ from those in the control participants. After developing neuropathy, the deterioration of neurological function was related to the severity of neuropathy. The cut-off levels of the elasticity and CSA of the tibial nerve that suggested the presence of diabetic neuropathy were 0.558 and 6.48 mm 2 , with a sensitivity of 0.860 and 0.620, and a specificity of 0.696 and 0.568, respectively. The AUC for the elasticity (0.829) was significantly (P < 0.0001) greater than that for the CSA (0.612) of the tibial nerve, suggesting that the evaluation of the elasticity was a better tool than the CSA of the tibial nerve for characterizing the presence of diabetic neuropathy (Figure 2) .
With respect to clinical factors, female sex was negatively associated with the CSA of the tibial nerve, and age was negatively associated with the elasticity of the tibial nerve. In addition, inverse associations were observed between the elasticity of the tibial nerve and the severity of neuropathy, CSA of the tibial nerve and 2000-Hz CPT. The MCV of the median nerve and the SCV of the ulnar nerve were closely associated with the elasticity of the tibial nerve. In contrast, the CSA of the tibial nerve was positively associated with the severity of neuropa- CPT, current perception threshold; CV, coefficient of variation; CV R-R , coefficient of variation of R-R intervals MCV, motor nerve conduction velocity; SCV, sensory nerve conduction velocity. The data represent the means -standard error of the mean in control participants and subgroups of type 2 diabetic patients stratified by the stages of diabetic neuropathy. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control participants, Table 3 ). The explanatory role of the severity of diabetic neuropathy for the elasticity and CSA of the tibial nerve was evaluated by partial correlation analysis examining the independent relationship between the two variables out of the elasticity and CSA of tibial nerve and the stages of diabetic neuropathy. The stages of diabetic neuropathy had an independent positive relationship with the CSA of the tibial nerve and a negative relationship with the elasticity of the tibial nerve. In contrast, there was no significant independent relationship between the CSA and elasticity of the tibial nerve (Table 4) .
DISCUSSION
Diabetic neuropathy is the most common complication of diabetes 14 , and is diagnosed based on characteristic symptoms and signs. Confirmation of the diagnosis by neurophysiological examinations has been recommended 1, 2 . However, these examinations do not provide information regarding the pathological or biomechanical changes of the affected nerves. Mechanical and physiological events are dynamically interdependent in the nervous system. For example, the mechanical stress to nerves evokes physiological responses, such as alteration of intraneural HbA1c, glycated hemoglobin. Multivariate regression analysis was used to determine the independent relationship between either of the elasticity or cross-sectional area (CSA) of the tibial nerve and clinical factors, stages of diabetic neuropathy, cross-sectional area of the tibial nerve, or neurophysiological examinations. blood flow, impulse traffic or axonal transport 15 . Sustained increases in tension could adversely affect the electrophysiological properties of the nerve 16 . Long-standing hyperglycemia alters the structure of the peripheral nerves. In addition to axonal degeneration 17 , demyelination and subsequent remyelination 18 , the ischemia as a result of denatured endoneurial microvessels alters the sheaths of the peripheral nerves 19 . The thickening of the peri-and epineurial ensheathment and endoneurial fibrosis have been reported in the sural nerve of type 2 diabetic patients 20 . Nerve fibers are hermetically sealed between the basement membrane of endoneurial capillaries and perineurial sheaths. Therefore, changes that occur in the neural layers could influence the function of nerve fibers 20 . This fibrous thickening in the sheaths of the peripheral nerves might result in mechanical stress. When assessed by the quasistatic circular compression method, sciatic nerves in streptozocine-diabetic rats were stiffer and showed decreased blood perfusion with less pressure than control rats 7 . The collagen diameters of end-and epineurial tissue of the sciatic nerve were larger in streptozocine and biobleeding diabetic rats than those in control rats 21 . The optic nerve heads of streptozocine-diabetic rats, assessed by a biomaterials tester, were stiffer than those of control rats, likely as a result of nonenzymatic collagen cross-linking. Advanced glycation end-products might mediate the latter process 22 . Boyd et al. 23 reported altered biomechanics of the tibial nerve in patients with type 2 diabetes, evidenced by its reduced excursion at the ankle. They speculated that an altered elasticity of the tibial nerve could be responsible for the reduced excursion. However, to the best of our knowledge, no studies have assessed the elasticity of peripheral nerves in patients with diabetes.
High-resolution ultrasonography of the peripheral nerves can show pathological changes with relative ease and excellent resolution. Increases in the CSA 4 , hypoechoic area 5 and the maximum thickness of nerve fascicles 6 of the peripheral nerves have been observed in patients with diabetic neuropathy. The in situ elasticity of soft tissue can be evaluated by sonoelastography using ultrasound. This is the basis of elastography, in which a region of tissue is compressed, and the degree to which it distorts (known as strain) is assessed. For achieving this aim, ultrasound has advantages over other imaging methods in terms of resolution in space and time, and safety. Therefore, it has emerged as the dominant technique in elastography 24 . With its semiquantitative values for strain ratios, sonoelastography has shown promising results in the diagnosis of mass lesions in various organs 8, 9, [25] [26] [27] . However, very few studies have been carried out to assess the elasticity of the peripheral nerves. Using the AC:median nerve strain ratio, Miyamoto et al. 10 recently reported that the median nerve was stiffer in patients with carpal tunnel syndrome than that in healthy subjects. Furthermore, ROC analysis of the elasticity of the median nerve improved diagnostic accuracy for carpal tunnel syndrome compared with the CSA of the median nerve alone. However, as the authors did not carry out neurophysiological tests, the influence of increased nerve stiffness on neurological functions has not been clarified. Shear wave elastography showed that the stiffness of the median nerve in patients with carpal tunnel syndrome increases with the severity of the disease 28 . The present study determined the elasticity (stiffness) of the tibial nerve by the tibial nerve:AC strain ratio in 198 patients with type 2 diabetes, subgrouped by the neuropathy severity, and control participants whose age and sex ratio did not differ from diabetic subgroups. The reproducibility of the tibial nerve: AC strain ratio in control participants was good (CV; 12.7 -1.0%). The tibial nerve was stiffer in patients without neuropathy than in control participants, and further deterioration of the elasticity was closely associated with the severity of neuropathy. The tentative cut-off level of the elasticity of the tibial nerve suggesting the presence of the diabetic neuropathy, its sensitivity, and specificity assessed using an ROC curve were 0.558, 0.860 and 0.696, respectively. As the nerve functions in diabetic patients without neuropathy were similar to those in control participants, the stiffening of the peripheral nerves in type 2 diabetes occurred before the onset of neurophysiological anomalies. Therefore, the determination of the elasticity of peripheral nerves facilitates the characterization of diabetic neuropathy in the early stage, from a biomechanical perspective, with high sensitivity and modest specificity. The elasticity of the tibial nerve was negatively associated with the CSA of the tibial nerve, severity of neuropathy and 2000-Hz CPT, and positively associated with the MCV and SCV in diabetic patients. In contrast, the CSA of the tibial nerve was positively associated with the severity of neuropathy and the 2000-Hz CPT, and inversely associated with the MCV and SCV. These results suggest that biomechanical changes in the peripheral nerves might be relevant to dysfunction and the expansion of the CSA of the peripheral nerves in diabetic neuropathy. In contrast, there was no significant independent relationship between the CSA and elasticity of the tibial nerve. Therefore, the inverse association between the elasticity and CSA of the tibial nerve might be confounded by the influence of the neuropathy severity on them. Because the AUC for the elasticity (0.829) was significantly (P < 0.0001) greater than that for the CSA (0.612) of the tibial nerve, the evaluation of the elasticity might be a better tool than the CSA of the tibial nerve for biomechanical characterization of diabetic neuropathy. Furthermore, the elasticity of the tibial nerve had a better partial correlation coefficient (-0.546) than that of CSA (0.266) for the severity of diabetic neuropathy. Therefore, the elasticity of the tivial nerve might be more representative of the severity of neuropathy compared with the CSA of the tibial nerve.
We acknowledge a number of limitations to the present study, which could affect the interpretation of the results. First, although we measured the elasticity of the tibial nerve semiquantitatively as the tibial nerve:AC strain ratio, several quantitative methods (shear wave elastography, transient elastography and acoustic force elastography) are available [29] [30] [31] . However, these three techniques were not suitable for the present purpose, as they are either unsuitable for the depiction of anatomical images or only available for regional measurement with limited depth. Second, we measured the elasticity of the tibial nerve, but did not measure that of other peripheral nerves, such as the median nerve. The median nerve is subject to compression as a result of frequent dorsiflexion while using a computer mouse, and the flexor tendons prevent the smooth compression of the median nerve by a probe. Diabetic neuropathy is a length-dependent disease, and we chose to examine the tibial nerve, which is located in the lower extremities. However, the increased stiffness in multiple peripheral nerves should be confirmed using sonoelastography to establish the reduced elasticity in peripheral nerves as a robust biomechanical marker for diabetic neuropathy. Third, because we associated the elasticity of nerves in the lower extremities (tibial nerve) with nerve conduction velocity in the upper extremities, the elasticity and the conduction velocity of the tibial nerve should be associated. However, the examination of the conduction velocity of the tibial nerve (lower extremity) might require technical experience to some extent compared with that of nerves in the upper extremities. Therefore, we measured the conduction velocity of nerves in the upper extremities. In light of this, the close relationship between the elasticity of the tibial nerve and nerve conduction velocity might be tentative. In contrast, the 2000-Hz CPT, determined at an area innervated by a branch of the tibial nerve (medial plantar nerve), was negatively associated with the elasticity of the tibial nerve. Therefore, the stiffness of the tibial nerve, determined using sonoelastography, could be relevant to dysfunction of the tibial nerve. However, the present imaging study did not directly show the consequence of reduced elasticity of peripheral nerves. We could not rule out the possibility that the reduced elasticity of the tibial nerve was coincidental. A prospective study showing changes in elasticity and function of peripheral nerves before and after long-term glycemic control would confirm the findings of the present study. Finally, because nerve biopsies were not carried out, we could not identify the histological findings responsible for the increased stiffness of the tibial nerve.
In conclusion, the tibial nerve in patients with type 2 diabetes was stiffer than that in control participants before the onset of diabetic neuropathy, and deteriorated in proportion to the severity of neuropathy. The reduced elasticity of the peripheral nerves could be an early biomechanical change in diabetic neuropathy in patients with type 2 diabetes.
